Abstract-This paper introduces the first results of dielectric spectroscopy characterization of glioblastoma cells, measuring their crossover frequencies in the ultra-high-frequency range (above 50 MHz) by dielectrophoresis (DEP) techniques. Experiments were performed on two glioblastoma lines U87-MG and LN18 that were cultured following different conditions, in order to achieve different phenotypic profiles. We demonstrate here that the presented DEP electrokinetic method can be used to discriminate the undifferentiated from the differentiated cells. In this study, microfluidic lab-on-chip systems implemented on bipolarcomplementary oxide semiconductor technology are used allowing single cell handling and analysis. Based on the characterizations of their own intracellular features, both the selected glioblastoma (GBM) cell lines cultured in distinct culture conditions have shown clear differences of DEP crossover frequency signatures compared to the differentiated cells cultured in a normal medium. These results support the concept and validate the efficiency for cell characterization in glioblastoma pathology.
according to Stupp protocol. Despite recent advances in surgery, imaging, radiation therapies and chemotherapy, the median survival is less than 15 months [2] . This dark prognosis of GBM is primarily due to the recurrence of tumor, which is resistant to pre-cited conventional treatments [1] .
Limited advances in glioblastoma treatment are closely linked to the existence of a restricted cell subpopulation also called cancer stem cells (CSCs), some very immature and undifferentiated cells, responsible for tumor cell heterogeneity [3] . However, even genetically diverse clones express undifferentiated cell markers related to cancer stem cells such as CD133 and CD44. The higher expression levels of CD133 have been correlated to poorer prognosis suggesting that this marker might play a significant role in the resistance of this type of cancer to chemotherapy and radiotherapy [4] . Other markers such as the transcription factors OCT-4, SOX2, pSTAT3, and NANOG are considered as key players in regulating transcription of glioblastoma CSCs [3] . These CSCs are a subpopulation of undifferentiated cells, which have specific biological properties similar to normal stem cells. Currently, biologists use some immunostaining approaches to characterize CSC populations, as flow cytometry, optical microscopy or protein array analysis, based on targeting a set of undifferentiated markers previously described. These markers are required to validate the stemness lineage of CSCs from the huge heterogeneous cell population. Nevertheless, CSCs subpopulation are very rare in tumors and their isolation often requires enriching them in specific culture medium. This strategy is time consuming and delays the results. Currently, the key objective is to try to get around this problem by establishing a new way to discriminate and sort undifferentiated cell populations specifically according to theirs biological and physical characteristics.
To optimize the diagnosis and prognosis methods, the development of different approaches and techniques based on bioelectric signals of cells have been proved to carry various helpful information on cell status [5] . Many sources of cell bioelectric signals, like sodium potassium channels and pumps in the plasma membrane, may affect chemical analytes homeostasis, cell patterning and cell-to-cell interactions with the extracellular matrix, which can be determined by exploiting the dielectric properties. Among these techniques, Dielectrophoresis (DEP) is a label-free, accurate, fast, and low-cost analysis method that uses the principles of polarization and the motion of bio-particles in applied electric fields [6] . The efficiency of this technique has been proved in various environmental and medical fields, including polymer research, biosensors, microfluidics and diagnosis based on microfluidic biosensors [7] . In particular, manipulation of microscopic sized particles, such as trapping or cell sorting, including healthy or tumor cells suspended in microfluidic media, has been successfully demonstrated in a variety of ways using DEP methods [8] . Regarding the cellular heterogeneity in a tumor mass and different cellular subpopulations functions, we can applie the principle of DEP separation method to the cell mixture composing a tumor, especially to discriminate two cellular subpopulations with opposite differentiation properties. Based on this principle, highly represented population composed by differentiated cells are singled out from a lower undifferentiated subpopulation, with stemness properties. Hence, we show here a new approach to detect and characterize the undifferentiated cells subpopulation based on microwave dielectric spectroscopy in the Ultra High Frequency range (UHF), using DEP cell electromanipulation.
This approach offers unique capabilities to investigate the differences on the intracellular dielectric properties of each cell population [9] [10] [11] [12] and allows screening of the intracellular biological properties and differences within the heterogeneity of a tumor.
II. BASICS ON CELLS ELECTROMANIPULATION BY DEP
When particles presenting different polarizabilities than the surrounding medium in which they are suspended are submitted to a non-uniform electric field, a DEP force is generated inducing motion of particles [13] . There are different ways to exploit this phenomenon. In the present case, a quadrupole microelectrode system [14] has been used as sensor and implemented in a microfluidic channel (see Fig. 1 ). For such electrode geometry, the DEP theory [7] , [15] , [16] shows that considering a cell as a homogeneous spherical dielectric particle, the induced DEP force can be then computed using equation (1) . where r is the particle radius, ω is the angular frequency of the applied electric field, E rm s is the root mean square value of this electric field, is the gradient operator and Re[K(ω)] the real part of Claussius-Mossotti factor K(ω) given by (2) in which ε p * and ε m * refer to the complex permittivity of the particle and the suspension medium, respectively. The complex permittivity ε x * are defined in (3), where ε x and σ x are the relative permittivity and conductivity either of particles or immersion medium, and ε 0 represent the electric constant (8.854 10 −12 F m −1 ). By changing the frequency of the applied electric field [13] , the polarized particles would behave in various ways depending on the magnitude and the sign of Re[K(ω)] which is in turn determined by the effective conductivity and permittivity of the particle and the dielectric properties of the surrounding medium. Therefore, particles can be individually electro-manipulated according to their own dielectric properties.
Actually, the generated force is repulsive when Re[K(ω)] is negative, meaning that the particle is repealed away from electrodes (see Fig. 2 (a) negative DEP case -nDEP). Whereas when Re[K(ω)] is positive, the force is attractive and the particle moves toward the electrodes where the electric field magnitude is high (see Fig. 2 (b) positive DEP case -pDEP). When the force becomes null just before the cell switches to negative to positive DEP (or vice versa), the DEP crossover frequency is then reached. This frequency can be thus considered as characteristic of a cell own properties and specificities and may differ between different cells.
Depending on the type of cell properties one wants to access, the choice of the DEP frequency range is important [17] [18] [19] . If information about cell plasma membrane specificities are sought, conventional DEP frequencies (typically from 100 kHz to 5 MHz) are very suitable for cell analysis. At this low frequency range, the cell shape, morphology and size have strong influence on the interaction with the electric field. Conversely, Ultra High Frequencies DEP (from 50 MHz to 500 MHz) will be better to provide information about intracellular properties.
Indeed, when frequency increases above several tens of MHz, the plasma membrane lets the electric field penetrate the cell and interact directly with the cell interior. As a result, the effect of DEP forces generated (i.e., attractive vs. repulsive) at high frequency regimes may be different according to the dielectric properties of the cell content. This UHF-DEP characteristic is often presented in the literature [7] , [20] , [21] and the crossover frequency f xo2 can be written by
For an aqueous solution, considering ε m > ε p and σ p > σ m , (4) can be simplified with the approximation:
The value of the crossover frequency f xo2 in the UHF range is directly influenced by the intracellular properties of the cells, largely by its conductivity and to a lesser extent by its permittivity. Specifically, since undifferentiated cells exhibit different biological specificities or physiological mechanisms linked to their differentiation state for example, their crossover frequencies will be different from those of differentiated cells. Therefore, the analysis of their dielectrophoresis behavior under UHF frequencies seems very relevant for the targeted application.
III. MATERIALS AND METHODS

A. Cellular Culture
Two GBM cell lines were tested in this study, U87-MG and LN18. Both of them derived from malignant stage IV gliomas from adult patients, purchased from the American Type Culture Collection (ATCC). Two conditions were used for the analysis: (i) normal differentiation conditions in DMEM plus Glutamax medium supplemented with 10% Fetal Bovine Serum (FBS), 2 mM glutamine and 100 U penicillin/0.1 mg/mL streptomycin, called NN for "Normal Normoxia Medium", (ii) stringent conditions in selective DMEM/F12 medium, Define Normoxia medium (DN), supplemented with 0.6% glucose, 1.2% sodium bicarbonate, 5 mM HEPES, 9.6 µg/mL putrescine, 10 µg/mL ITSS, 0.063 µg/mL progesterone, 2 µg/mL heparin, 20 ng/mL EGF, 20 ng/mL bFGF, 1X penicillin/streptomycin and 2% B27 supplement without vitamin A. Cells are maintained at 37°C, 5% CO2 in a humidified atmosphere -95% air incubator.
Actually, under stringent culture conditions, mainly only the most resistant cells with strong aggressiveness special features can survive and grow. As illustrated in Fig. 4 , it is hence expected to achieve a large enrichment in undifferentiated cells in DN cell cultures.
Finally, after two successive centrifuge washes, cells were suspended in an ion free osmotic medium TRIS buffer-based, composed by a water/sucrose mixture with magnesium chloride (pH: 7.4; conductivity: 26 mS/m) conventionally used for DEP experiments. The osmolarity value of this DEP medium, measured with a sample of 70 µL placed in micro-digital osmometer 300-11DR (Type13) varies between 280 and 320 mOSm.
B. Tools and Methodology for Cell Crossover Frequency Measurement
The main purpose of this study is to characterize GBM cell lines to identify their DEP crossover frequencies in the high frequency regime and establish DEP signature according to their different culture conditions (normal culture medium vs. define medium). Each cell population is introduced into the microfluidic chip, suspended in a DEP medium, by a fluidic inlet driven by a flow controller (Fluigent MFCS) and flows in a Polydiméthylsiloxane (PDMS) microfluidic channel implemented above dedicated sensors implemented in BiCMOS technology (see Fig. 1 ). The experiments were done using a 40 × 40 µm gap quadrupole electrodes design. This structure is based on four electrodes, set at 90°, combining a pair of thick (9 µm) electrodes crossing the microfluidic channel with another pair of thin (0.45 µm) electrodes implemented in the middle of the channel [14] .
The selected 40 µm spacing between each electrodes represent a good compromise between an easy monitoring under microscope of cell motion submitted to both positive or negative DEP forces and the use of moderate RF voltage signal to bias the structure and efficiently act on cells (typically the magnitude of the applied voltage ranges between 2 and 4 V pp ). The same frequency adjustable DEP signal has been applied to the left and right electrodes whereas top and bottom ones were grounded. The flow is slowed down, and when a cell arrives near the center of quadrupole electrodes system, the electrodes were biased with a 500 MHz DEP signal expected to be much higher than the f xo2 and therefore suitable to efficiently trap cells. At 500 MHz, the cell may react in negative DEP and the generated electric field allows individually catching any single cell present near the system center. Indeed, the strong intensity field areas surrounding the center weaker field zone resulted in an electric field cage where the cell could be efficiently trapped (see Fig. 5(b) ). The others surrounding cells also reacted in negative DEP and were repelled away the analysis area moving to the outside weaker intensity field zones. Then, the flow was progressively stopped and stabilized (reaching an inlet and outlet pressure equilibrium at each microchannel end). Finally, the cell was only submitted to DEP force and natural gravity. The DEP signal was first turned off for few seconds to check that the investigated cell is no longer subject to other motion forces.
Then, it was turned on again setting the signal frequency above the expected crossover frequency and the characterization could start. To determine the investigated cell crossover frequency, gradual frequencies decreases were applied on the DEP signal: first with fast 10 MHz steps and then once approaching the crossover frequency with 1 MHz ones to refine the measurement. Since the crossover frequency occurred just before the moment when the cell started to be attracted by one of lateral electrodes (switching to positive DEP behavior), a slow 1 MHz step frequency scan allowed to accurately observed this moment. Fig. 6 illustrates an example of trapping and crossover frequency characterization of a GBM cell cultured in normal medium.
Each cell was characterized hence twice or three times and finally released by increasing the inlet channel pressure to renew This methodology of crossover frequency measurement has been supported and validated though electro-kinetic transient simulations using COMSOL software. Hence, the displacement of the trapped cell, from the center of quadrupole to the edge of the electrodes, according to the decrease of the DEP signals frequency, can be computed as presented in the graph below.
As Fig. 7 shows, the simulations predict that the generated DEP force, once applying a 4V pp DEP signal with a frequency set to 1.5 MHz under the cell crossover frequency, should have a sufficient influence to attract and move it 6 µm away from its initial negative DEP trapping location. Actually, such displacement value matches well with the ones observed under a microscope during experiments, as illustrated on the Fig.  6 photograph taken at 118 MHz. Consequently, we can reasonably consider that using the proposed cell characterization methodology the cell crossover frequency can be measured with a 1-2 MHz accuracy.
IV. RESULTS, ANALYSIS AND CORRELATION
A. GBM Cell Lines Phenotypic Profiles
First, control experiments were carried out to confirm the enrichment of undifferentiated cell population in define medium. Comparative analysis of the gene expression (mRNA levels) of the stemness lineage was assessed in the cells cultured 6 days in normal culture medium vs. define medium (see Fig. 8 ). Analyzed CSCs markers (Oct-4, Sox2 and Nanog) showed an overexpression in cells cultured in define medium (in red) compared to those cultured in normal medium (in blue).
These results were completed by analyzing protein levels with flow cytometry. They showed an enhancement of undifferentiated markers expression in both U87-MG ( Fig. 9(a) and (b) ) and LN18 (see Fig. 9 (c) and (d)) cell lines cultured in define medium compared to normal medium culture. These biological results validate the enrichment of CSC by culture in define medium. 
B. GBM Cell Crossover Frequencies
In order to support these results obtained at the biological level, the two GBM cell lines were characterized by establishing their UHF-DEP crossover frequencies according to their different culture conditions. The set of crossover frequencies measured for both cell lines (U87-MG and LN18) cultured in the two different conditions (normal culture medium vs. define medium) is represented in the Fig. 10 (one should notice that the middle bar here represents the median value of the whole collected data). The considered crossover frequency corresponds to the frequency for which the trapped cell just starts to move away from the center of electrodes quadrupole. Based on statistical analysis of the results observed in the four populations, culturing cells in a define environment seems to have a real impact on the measured crossover frequencies, according to GBM intracellular characteristics changes. The set of statistics concerning the characterization of U87-MG and LN18 cells crossover frequencies is summarized in Table I , listing the average, median, standard deviation, standard error, minimum and maximum crossover frequency values for each cell population.
As shown a significant number of cells have been characterized showing statistically consolidated data. The large standard deviation, and error standard, observed for U87-MG and LN18 NN cell pool can be explained by the natural cell line heterogeneity, including a large number of different differentiated cells but also some few undifferentiated occurrence in the pool. On the other hand, the DN cell pools may concentrate a much higher number of undifferentiated and low differentiated cells; since DN culture conditions are not favorable for differentiated cell growth.
Considering the measured crossover frequencies, these two GBM cell lines exhibit the same behavior according to the two different culture conditions. Actually, the undifferentiated enriched populations (DN) show much lower crossover frequencies than the cells cultured in normal conditions, although some crossover frequencies overlap exist between these two populations -U87-MG: Average of 120 MHz for NN vs. 91 MHz for DN -LN18: Average of 128 MHz for NN vs. 76 MHz for DN. This decrease demonstrates a significant difference (illustrated by the run ANOVA statistical analysis tests resulting in a very low p value) between these two population profiles obtained by different culture conditions. This finding proves a real difference on the intracellular dielectric characteristics of the undifferentiated cells enriched populations compared to differentiated cells, reflecting the intrinsec biological properties differences.
This difference outlines a great potential for discrimination of cell subpopulations within the whole tumor mass. Therefore such technique is highly promising to achieve discrimination and even isolation of undifferentiated cells allowing potential cell sorting of these undifferentiated subpopulations related to the CSC subpopulation.
V. CONCLUSION
We described here a novel method of cellular subpopulations' discrimination, which completes the classical biological approaches, based on the differential expression levels of a set of markers. These populations, with different cellular differentiation status, are discriminated using real time measurement on microfluidic lab-on-chip (LOC) platform implemented in CMOS technology. Both selected GBM cell lines, showed a strong correlation between the biological markers differences and the measured DEP frequency signatures according to the different culture conditions. Differences on crossover frequencies obtained for each subpopulation, showed a great discrimination potential especially for the development of a novel method to characterize Cancer Stem Cells. Thus, we confirmed the biological differences analyzed by routine methods, using DEP signatures differences, which complete the characterization of stemness properties cells. These results correlate to the biological differences at the functional level. The undifferentiated properties of CSCs are associated to intracellular changes and reflecting their high aggressiveness potential. This technic allows screening of a new cell discrimination parameter, the intracellular differences and physical properties of cells, without any labeling, without affecting cell integrity and viability. Hence, based on the UHF-DEP spectroscopy method, we detected and characterized the undifferentiated cells with unique capabilities to screen biological specificities by investigating the intracellular dielectric properties. 
